Abstract. IGR J19140+0951 was discovered by INTEGRAL in 2003 in the 4-100 keV band. Observations with INTEGRAL and RXTE provide a tentative identification as a high-mass X-ray binary (HMXB) with a neutron star as accretor. However, an optical counterpart was thus far not established. Neither was the presence of a pulsar, which is commonly observed in HMXBs. We have observed IGR J19140+0951 with Chandra and find the source to be active at a similar flux as in previous measurements. The lightcurve shows a marginally significant oscillation at 6.5 ks which requires confirmation. We determine a sub-arcsecond position from the Chandra data and identify a heavily reddened optical counterpart in the 2MASS catalog. Optical follow-up observations with the William Herschel Telescope at La Palma exhibit a continuum spectrum coming out of extinction above 7000Å without strong absorption or emission features. This and the red magnitudes suggest an early-type star rather than an accretion disk. All pieces of information confirm the suspicion that IGR J19140+0951 is a HMXB with additional circumstellar obscuration around the accretor.
Introduction
IGR J19140+0951 was discovered with INTEGRAL in March 2003 (Hannikainen et al. 2003) during observations of the nearby (1.
• 1) source GRS 1915+105. In observations that continued until May the source is detected 70% of the time above a sensitivity of 9 to 10 mCrab (20-40 keV); the brightest flux was measured during a flare peaking at 70 mCrab ). The position is coincident with that of EXO 1912+098 which was discovered in archival EXOSAT data by Lu et al. (1997) . RXTE made pointed observations of the source already prior to the report of the discovery. A public target-of-opportunity observation was triggered in April 2002 by a detection of the source in the BeppoSAX Wide Field Cameras (WFCs; In 't Zand et al. 2004) . RXTE observed the source again in 2003 after the INTEGRAL detection, for 2.8 ks. Swank & Markwardt (2003) find the source varying on time scales longer than 100 s and peaking at 10 mCrab (2-10 keV). N H is fairly high at 6 × 10 22 cm −2 , while the continuum can be described by a power law spectrum with an Fe-K line of equivalent width 500 eV.
The persistent nature of the source, as suggested from the EXOSAT and WFC detections, was confirmed with the RXTE All-Sky Monitor. Corbet et al. (2004) discovered a sinusoidal modulation in the flux with a modulation depth of about 75% and a period of 13.558±0.004 d which persisted back to the start of observations in 1996. The persistence supports its identification with the orbital period of IGR J19140+0951. This orbital period is highly suggestive of a high-mass X-ray binary (HMXB). Rodriguez et al. (2005) made a comprehensive analysis of the March-May 2003 INTEGRAL data (1.3 Msec of exposure at energies above 4 keV) and 2002-2004 RXTE observations (13 ks above 3 keV). They identify 4 states based on the observed 20-40 keV photon flux, and are able to model the spectrum of each state with a Comptonized component of plasma temperature 10 to 20 keV which in all but the brightest state is complemented with a faint blackbody component. Alternatively, the Comptonized component can be replaced by a cutoff power law with a photon index between 1.4 and 2.4. In almost all observations an Fe-K line is required. The data do not allow an accurate measurement of the line width, although the INTEGRAL data on the middle two states suggest a broad line of width 0.4-1.2 keV or more (1σ). The source is detected up to ∼ 100 keV and the unabsorbed flux at maximum is 2.1 × 10 −9 erg cm −2 s −1 (1-20 keV) and 1.0×10 −9 erg cm −2 s −1 (20-200 keV) . The RXTE data show a variable N H between 3 and 10×10 22 cm −2 , bringing IGR J19140+0951 in the range of the 'obscured INTEGRAL sources' (for a recent review, see Kuulkers The dashed circle refers to the coordinates as provided by Simbad, the solid circle to those inferred from Lu et al. (1997) . The INTEGRAL data (JEM-X and IBIS combined) are from Cabanac et al. (2004) . The asterisk designates the Chandra position. Circle radii are for a 90% confidence level.
2005). The Galactic N H measured by Dickey & Lockman (1990) within 1
• from the source is between 1.3 and 1.9 × 10 22 cm −2 , the data point closest to the source (at 0.
• 24) is 1.8 × 10 22 cm −2 . Rodriguez et al. find the spectroscopic evidence to favor a neutron star over a black hole for the nature of the accretor: in the 20-200 keV luminosity versus 1-20 keV luminosity diagram (first presented by Barret et al. 1996) , the source is in the X-ray burster domain as long as the distance is below 10 kpc.
In conclusion, all evidence points to IGR J19140+0951 being a HMXB with strong and variable local absorption and a neutron star as accretor. Prior to the INTEGRAL discovery we had already proposed a Chandra observation of EXO 1912+098, based on the WFC detection, to search for possible long X-ray pulsations in a faint source and determine an accurate position to search for the optical counterpart. The data were taken in 2004. They now provide an opportunity to make a conclusive identification of IGR J19140+0951 as a HMXB. Here we present the results of this observation and of the optical follow up.
Chandra observation
Chandra observed IGR J19140+0951 on May 11th, 2004, starting at 17:53:30 UT, with the ACIS-S CCD array (Garmire et al. 2001) in the focal plane and no grating. The CCD frame time is 3.2 s, the exposure time 20.10 ks. The source is clearly detected. The image shows a piled-up source with readout trails but no obvious hole at the center of the point spread function. The average po- • 52 ′ 58. ′′ 29 (l II = 44.
• 30, b II = −0.
• 47) with a nominal uncertainty of 0.
′′ 6. This position is consistent with that of EXO 1912+098, IGR J19140+0951 and the BeppoSAX/WFC position, see Fig. 1 .
We reprocessed the level-1 data with CIAO version 3.2.1 to resurrect afterglow events, using among other tools acis run hotpix. This procedure adds 6.9% to the number of photons within 2.
′′ 0 from the source. We extracted a source spectrum from the photons in this region with CIAO tool psextract; a background spectrum was extracted from a circular region with a radius of 1 ′ on the same CCD and centered 70
′′ from the source centroid. The spectral analysis was performed with XSPEC version 11.3.1 (Arnaud 1996) . We employed the pileup model in XSPEC which was specifically designed for the analysis of ACIS data (Davis 2000) , leaving free the morphing parameter α and the PSF fraction that is piled up. The spectrum was binned so that at least 15 photons are contained per bin, thus allowing the use of the χ 2 statistic as a goodness of fit estimator. The resulting spectrum can be well fitted with an absorbed power-law (χ 2 ν = 1.005 for 130 degrees of freedom). The photon index is Γ = 1.1 ± 0.8 (all errors quoted in this paper are for 90% confidence) and Figure 2 shows the spectrum and model fit. Very few photons are detected below 1 keV and they were not taken into account when fitting models; neither were photons above 10 keV. The unabsorbed 1-10 keV flux is 3.9 +3.0 −1.5 × 10 −11 erg cm −2 s −1 , but this number is susceptible to systematic errors because of the uncertainty of the pileup correction. Therefore, we verified it with the spectrum of the readout trail. This spectrum was extracted with CIAO tool acisreadcorr. A background spectrum was extracted from a strip on the detector 50 ′′ to the north. The spectral shape is consistent with the above result: Γ = 0.7 ± 0.7, N H = (0.8 ± 0.3) × 10 23 cm −2
(χ 2 ν = 0.96 for 51 degrees of freedom). If we fix the spectral shape to the more accurately determined former shape and fit the flux, we find (1.5 ± 0.2) × 10 −10 (1-10 keV) or (4.0 ± 1.0) × 10 −10 erg cm −2 s −1 (1-20 keV). This is fainter than in all INTEGRAL detections analyzed by Rodriguez et al. (2005) but 50% brighter than in the brightest pointed RXTE observation. We find no evidence for an Fe-K line at 6.4 keV. Adding a Gaussian line at 6.4 keV improves the fit by ∆χ 2 = 4.5 in the PSF spectrum which is not significant (10% chance probability). The 90%-confidence upper limit on a narrow line is 7 × 10 −5 phot s −1 cm −2 and on a Gaussian line with σ = 0.4 keV 3.7 × 10 −4 phot s −1 cm −2 . The limits on the equivalent widths are 116 eV and 839 eV respectively. These values are consistent with the INTEGRAL and RXTE detections for a broad line, but inconsistent for a narrow line. Thus, a comparison of the Chandra with the INTEGRAL/RXTE observations rules out a narrow line, if the line is present with a similar equivalent width.
We generated light curves from the trailed photons at various time resolutions between 40 µs and 1000 s. The high-resolution data do not show interesting features. We show in Fig. 3 (top) the time profile at 1000 s resolution. The source is obviously variable. There is even a hint of an oscillation with a period of about 6.5 ks. We also generated a light curve from photons in an annulus around the PSF (Fig. 3 bottom) , thus minimizing pile up effects. The modulation is also visible here. We checked RXTE All-Sky Monitor (ASM) data for a confirmation. The ASM data are marginally qualified for that because the detection threshold is about 40% , and the time resolu- ′′ 6-radius Chandra error circle. This image was taken on August 4, 1999, with a seeing during of 2.
′′ 9 (FWHM).
tion is high enough (90 s) to resolve a 6.5 ks modulation. We tested the full data set as well as orbital phases at which the flux is highest and the three energy channels separately. The times were corrected for the Earth's orbit around the Sun, but not for the satellite or binary orbit which are not important for a possible 6.5 ks pulsation. We are unable to get an unambiguous confirmation from the ASM data. This negative ASM result implies that the 6.5 ks modulation probably is not related to a neutron star spin. However, additional efforts for a confirmation may be worthwhile since modulation patterns can change (e.g., Patel et al. 2004 ).
Optical observations
We cross checked the Chandra position with the USNO B1.0 (Monet et al. 2003) and 2MASS (Skrutskie et al. 1997 ) catalogs and find a red object consistent with the Chandra position. In Fig. 4 we show the 2MASS K s -band image. It reveals two objects near the Chandra position with an angular separation of 4. ′′ 0. The southern object is also present in the USNO B1.0 catalog while the northern is not, testifying to the redness of the northern object. The Chandra position coincides with the northern object (2MASS 19140422+0952577). Its magnitudes are J = 8.55 ± 0.05, H = 7.67 ± 0.16 and K s = 7.06 ± 0.20 mag. The unrelated southern object has a K s -band magnitude of 6.274 ± 0.026.
We have obtained two spectra of 2MASS 19140422+0952577, each with an exposure time of 1500 seconds, using the ISIS spectrograph mounted on the 4.2 m William Herschel Telescope located at the Roque de Los Muchachos Observatory, La Palma, Spain. We used the R316R grating with central wavelength set to 7500Å and a slit width of 1 ′′ . This setup yields a mean dispersion of 0.83Å per pixel. The source was observed at an airmass of ∼1.1. It, as well as the southern source in the 2MASS image, is not resolved into multiple sources with a seeing of 1.
′′ 2 (FWHM). Due to the high interstellar extinction towards the source we are not able to measure the source spectrum in the blue-arm of the ISIS spectrograph. In the red arm of the spectrograph we detect the source to the red of ≈ 7000Å. We find weak evidence for absorption lines from the Paschen series. However, due to the relatively low signal-to-noise ratio, the presence of telluric lines at or close to the wavelength of some of the Paschen lines, and due to fringing in the red part of the CCD, the continuum level is too uncertain to determine. The presence of Paschen absorption lines, if confirmed, points to an A, B or late O-type companion star.
Discussion
The optical spectra are inconclusive about the nature of the optical counterpart. For instance, they cannot rule out an accretion disk within a low-mass X-ray binary as origin. However, the source would have to be very nearby for this to be a serious possibility. Using the P orb versus M V relation as determined by Van Paradijs & McClintock (1994) , and assuming the X-ray luminosity to be between 0.1 and 10% of Eddington, M V is predicted to be between -0.5 and +1.0. For a typical spectrum that compares to that of an early type star (c.f., B − V distribution in van Paradijs et al. 1995) , M H is expected to be between -0.5 and 2.0. The apparent H-band magnitude is matched if the distance is less than 80 pc (for N H > 1.3 × 10 22 cm −2 , A H = 0.176A V and A V = N H /1.79 × 10 21 cm −2 [Predehl & Schmitt 1995] ). This implies very low X-ray luminosities, of order 2×10 33 erg s −1 or less, which is very unlikely for an accreting low-mass X-ray binary.
The most likely scenario is that the optical counterpart is an early-type star. In analogy to other HMXB, the X-ray persistence and the lack of a short pulse period suggests a supergiant donor star. The 2MASS J − H color is consistent with that. For E J−H = 0.1A V , the dereddened J − H is between 0.2 (for N H = 1.3 × 10 22 cm −2 ) and -4.7 (N H = 1 × 10 23 cm −2 ). For an O9 star this is expected to be -0.1, for an A0 star 0.0 (irrespective of spectral subclass; Cox 2000) . If the companion is an O9 supergiant (H = −5.8; Cox 2000), the implied distance is between 50 pc (for N H = 1 × 10 23 cm −2 ) and 2.7 kpc (N H = 1.3 × 10 22 cm −2 ); for an A0 supergiant these numbers are 70 pc and 3.8 kpc. The implied 1-20 keV luminosity during the Chandra observation is between 1× 10 32 and 7 × 10 35 erg s −1 which is normal for a HMXB. A distance of 3-4 kpc would place it at the expected position on the tangent of the Sagittarius arm. This, the color and the luminosity are most consistent if the extinction of the optical counterpart is less than that of the accretor.
The conclusion is that the optical identification here presented is consistent with a classification of IGR J19140+0951 with a HMXB. The further understanding of IGR J19140+0951 would benefit from a longer Chandra or XMM-Newton observation, to study the variability without data gaps due to earth occultations, and a deeper optical/near-infrared spectrum measurement, to measure the Pashen lines for an accurate spectral classification and extinction of the companion star.
